DNA and RNA are biopolymers comprised of nucleotide units. The synthesis of DNA and RNA as segments consisting of several nucleotides each, referred to as oligonucleotides, is quite a challenging endeavor, requiring the rapid and quantitative coupling of nucleosidic units to form internucleotidic linkages. In order to achieve high efficiency in the coupling reactions, it is necessary to direct the reaction to the desired site in the nucleoside. This is achieved by using appropriate protecting group strategies.
To date, five methods of oligonucleotide synthesis have been reported, all of which use protected nucleosides: (1) The H-phosphonate approach (Michelson and Todd, 1955; Hall et al., 1957; Froehler et al., 1986 , and references therein; Garegg et al., 1986 , and references therein; UNIT 3.4); (2) the phosphodiester approach, pioneered by Khorana and co-workers (Gilham and Khorana, 1958; Khorana, 1979) ; (3) the phosphotriester approach, which heralded a new era in nucleic acid synthesis by enabling more rapid synthesis and purification (Letsinger and Ogilvie, 1969 , and references therein; Reese, 1978) ; (4) the phosphite strategy (Letsinger and Lunsford, 1976 , and references therein; Matteucci and Caruthers, 1980) ; and (5) the phosphoramidite approach, presently the most popular method for oligonucleotide synthesis (Beaucage and Caruthers, 1981; UNIT 3.3) . Over the years, improvements in coupling chemistries, along with advances in methods of solid-phase assembly, have revolutionized the art of oligonucleotide synthesis.
In the synthesis of oligonucleotides, persistent as well as transient protection of amino, imido, and hydroxy groups of nucleosides are employed. Transient protecting groups are used to temporarily block one of the hydroxy groups. For example, the 4,4′-dimethoxy trityl group (DMTr) is used for transient protection of the 5′ hydroxyl of a nucleoside (UNIT 2.3). The transient protecting group is removed at the beginning of each coupling cycle. This enables the coupling reaction to be directed to the desired hydroxy group during the synthesis cycle. On the other hand, persistent protecting groups are those that remain on the nucleoside throughout chain assembly and are only removed at the end of synthesis. For example, the exocyclic amino groups of nucleobases, the 2′-hydroxy groups of sugars (UNIT 2.2) , and the internucleotidic phosphodiester functions, are protected using persistent protecting groups.
The present commentary addresses issues related to the persistent protection of nucleobases. The commentary is not a comprehensive review of published literature but is intended to highlight the salient features of nucleobase protection. Only selected references are cited, and readers should refer to recent reviews (Beaucage and Iyer, 1992; Iyer and Beaucage, 1999) and primary literature for more comprehensive citations.
GENERAL ASPECTS OF NUCLEOBASE PROTECTION
The choice of nucleobase protecting groups and deprotection protocols is of paramount importance in oligonucleotide synthesis, and is dictated by many considerations. The protecting groups for nucleosides should be designed on the basis of several criteria, which have been summarized by Reese (1978) . (1) It should be possible to introduce the protecting group using a stable reagent that is readily obtainable. (2) The group should be achiral. (3) The nuclear magnetic resonance (NMR) spectrum of the protected nucleoside should be simple to interpret. (4) The protecting group should be readily installed on the nucleoside. (5) The group should enhance the solubility of the nucleoside in organic solvents so that it can be adapted for coupling reactions. (6) The group should be stable to reagents employed in oligonucleotide synthesis. (7) The group should not cause other structural changes in the nucleoside during its installation or removal, or during oligonucleotide assembly.
A number of nucleobase protecting groups have been reported. Improved procedures for their installation and removal have been published. Nevertheless, unforeseen problems have been reported when certain protecting groups are employed in oligonucleotide synthesis. For example, N-acylated purine nucleosides, particularly N-acylated deoxyadenosine, are more predisposed to depurination than their unprotected counterparts, making the growing oligonucleotide chain susceptible to cleavage during the synthesis cycle. In fact, each pro-tected purine and pyrimidine nucleobase exhibits different patterns of reactivity compared with the unprotected nucleoside. Certain protecting groups are also sensitive to reagents used in oligonucleotide synthesis, resulting either in their premature removal or in production of base-modified products (reviewed by Beaucage and Iyer, 1992) .
The sections that follow attempt to highlight the structural basis for the nucleophilicity and reactivity of nucleosides. An overview of the strategies employed for nucleobase protection is also provided.
NUCLEOSIDE TAUTOMERISM AND pK a VALUES
The nucleophilicity of nucleobases (Fig.  2. 1.1) is dictated by the pK a of the amino and amido functions and their tautomeric forms. Table 2 .1.1 lists the pK a values of nucleobases. The amide-like nitrogens (N3 of uridine and N1 of guanosine) are acidic in character, whereas the ring nitrogens are basic. Therefore, at strongly alkaline pH, the proton at N3 of uridine and thymidine and that at N1 of guanosine are removed. Under acidic conditions (at pH ∼3), the sites of protonation are N1 of adenosine and N3 of cytidine. At more acidic pH, the N7 of guanosine and adenosine and O4 of uridine are protonated. Thus, all the bases remain mostly uncharged in the physiological range of pH 5 to 9 (Saenger, 1984) .
It is noteworthy that each of the nucleosides A, C, and G becomes protonated at one of the ring nitrogens rather than on the exocyclic amino group. Thus, the electron pair of the amino group can delocalize into the heteroaromatic ring. Indeed the C-NH 2 bonds of A, C, and G are ∼1.34 Å long and have 40% to 50% double-bond character (Saenger, 1984) . The charge on a nucleobase, its tautomeric structures, and its ability to form and accept hydrogen bonds are also determined by its pK a values as well as by the pH of the medium. At physiological pH, the major nucleobases exist almost exclusively in the amino and keto tautomeric forms. However, under appropriate pH conditions, the tautomeric equilibrium could shift to where both imino and enol forms could exist (Saenger, 1984) . In turn, these factors influence the reactivity of the nucleosides.
REACTIVITY OF NUCLEOSIDES
Nucleosides participate in electrophilic and nucleophilic substitution reactions as well as addition reactions (Shabarova and Bogdanov, 1994) . Quite clearly, protecting groups and the protocols for their installation and removal should be designed to avoid various side reactions.
Nucleobases undergo substitution reactions with electrophilic reagents. For example, both N-and O-alkylation of the imide and lactam groups occur with alkylating agents. The N7 position of purines is also a potential site for electrophilic attack (Fig. 2.1 .5). Because of these competing reactions, simple alkylation of exocyclic amino function is not a viable protection strategy for nucleobases. On the other hand, it is possible to chemoselectively acylate the exocyclic amino group. Thus, acyl-type protecting groups are widely used for the protection of the exocyclic amino groups of nucleosides (Fig. 2.1.7) .
The imide/lactam NH of thymidine, uridine (pK a , 9.38), and guanosine (pK a , 9.42) is weakly acidic and can deprotonate under basic conditions. The resulting nucleophilic anion can react with a variety of reagents such as activated phosphates, dicyclohexylcarbodi- Clauwaert and Stockx (1986) ; Dunn and Hall (1975) .
imide (DCC), mesitylene sulfonyl chloride, 1-(mesitylene-2-sulfonyl)-3-nitro-1,2,4-triazole (MSNT), acid chlorides, phosphitylating reagents, and electrophilic reagents that are employed during coupling reactions. These side reactions result in nucleobase-derived N-and O-products. Nucleosides also react with a variety of nucleophilic reagents. For example, cytosine reacts with hydroxylamine at neutral and acidic pH to give the corresponding hydroxylamine derivative. It reacts with hydrazine at neutral pH to give the corresponding hydrazide. Indeed, nucleophilic substitution reaction of the exocyclic amino groups of cytosine proceeds rapidly in the presence of alkali and amines.
Under oxidative conditions, certain nucleobases (for example, adenine and cytosine) can form N-oxides. Also, the C8 position of guanosine is vulnerable to hydrolytic attack under either strongly acidic or strongly alkaline conditions. The 5,6 double bond of pyrimidine nucleosides also reacts with halogens and halohydrins to give the corresponding addition products (Shabarova and Bogdanov, 1994) . Selected examples of the side reactions that occur during oligonucleotide synthesis are given below.
Tri-O-acetyluridine (S.1) reacts with MSNT to produce the triazolo derivative S.2 (Fig.  2.1.2 ; Reese and Ubasawa, 1980) . During deprotection with ammonium hydroxide, S.2 gives cytidine (S.3). Interestingly, during deprotection with either the tetramethylguanidinium salt of syn-4-nitrobenzaldoxime or tetrabutylammonium fluoride (TBAF), S.2 reverts to uridine (den Hartog et al., 1982) .
The triazolo derivative S.2 is also known to react with other nucleophiles. For example, in the presence of methanol and 1,8-diazabicyclo[3.4.0]undecene-7 (DBU), S.2 gives the corresponding 4-OMe derivative (Li et al., 1987) .
S.1 reacts with phosphorylating reagents at O4 and undergoes 4-triazolation in the presence of the phosphorylating reagent 2-or 4-chlorophenyl phosphorodi-1,2,4-triazolide. The triazolo derivative is converted to the fluorescent pyridinium salt S.4 in the presence of pyridine (Divakar and Reese, 1982; Sung, 1982; Huynh-Dinh et al., 1985) . Further reaction with triazole gives S.5 ( Fig. 2.1 
.3).
The purine nucleosides also react with electrophilic reagents. For example, guanine nucleosides react with MSNT to form the corresponding triazolo derivatives. Reaction of the N 2 -protected guanosine nucleoside S.6 with mesitylene sulfonyl chloride gives the crystal- Bridson et al., 1977; Francois et al., 1985) . In the presence of pyridine, S.7 is converted to the corresponding C6 pyridinium compound. The side reactions that are predominant in phosphodiester and phosphotriester chemistry have been summarized (Reese and Ubasawa, 1980) . These side reactions are of concern when the H-phosphonate method is employed in oligonucleotide synthesis in conjunction with phosphorochloridates as coupling reagents.
The imide and lactam functions of nucleosides also react with phosphitylating reagents. For example, the 2′-deoxyguanosine derivative S.20 ( Fig. 2 .1.5) reacts with methyl phosphoramidites to give the O 6 -phosphitylated product S.8 (Pon et al., 1985a; Nielsen et al., 1987) . During oxidation of S.8 with iodine, Oto N-phosphoryl migration occurs (S.9 → S.10; Pon et al., 1985b) . Once formed, S.10 induces depurination resulting in chain-cleaved products upon treatment with ammonium hydroxide during the final step of deprotection.
It is pertinent that base modifications can also occur during oligonucleotide deprotection. For example, thymine residues are significantly modified as N 3 -methylthymine during deprotection of oligonucleoside methyl phosphotriesters with aqueous ammonium hydroxide (Urdea et al., 1986) . However, when deprotection of the methyl phosphate backbone of oligonucleotides is accomplished by treatment with thiophenol or 2-mercaptobenzothiazole, followed by aqueous ammonium hydroxide to remove nucleobase protecting groups, the formation of N 3 -methylthymine is considerably reduced (McBride et al., 1987; Andrus and Beaucage, 1988) .
The reactivity of nucleosides and the attendant risk of base modification suggest an apparent need to protect imide and lactam groups of nucleosides in oligonucleotide synthesis. It is expected that the use of protecting groups at the imide/lactam function of nucleosides can potentially avert the side reactions. This has been borne out by success in the synthesis of a number of polynucleotides (Reese, 1978) .
PROTECTION OF IMIDE AND LACTAM FUNCTIONS
A number of groups have been proposed for the protection of thymine and uracil and N3 and syn-4-Nitrobenzaldoxime/ tetramethylguanidine syn-4-Nitrobenzaldoxime/ tetramethylguanidine Jones et al., 1981 Reese and Skone, 1984 Jones et al., 1981 Reese and Skone, 1984 Scalfi-Happ et al., 1987 Rao et al., 1987 Reese and Skone, 1984 Rao et al., 1987 Hagen and Chladek, 1989 Hagen and Chladek, 1989 Gaffney and Jones, 1982 Engels and Mag, 1982 O4, and of guanine at O6. A representative list of these groups is shown in Figure 2 .1.6. For the benefit of the readers, references that include experimental details are cited.
The imide-and lactam-protecting groups can be installed in two steps: sulfonylation or triazolation, followed by displacement of the resulting O-sulfonate or triazolide by the nucleophilic protecting group. The protecting groups can also be installed directly-for example, via Mitsunobu alkylation (UNIT 1.2) or via the transient protection approach. The preparation of these protected nucleosides appears to be straightforward (Jones et al., 1981; Gaffney and Jones, 1982; Trichtinger et al., 1983; Nyilas et al., 1987; Kamaike et al., 1988) .
However, it is still a matter of debate whether imide and lactam protection is necessary in oligonucleotide synthesis. There are a number of factors to be considered. (1) As noted before, when using the phosphotriester method in oligonucleotide synthesis, O 6 -modified guanine and O 4 -modified uracil revert to guanine and uracil residues upon "oximate" treatment that follows chain assembly. (2) When the phosphoramidite method is used, O 6 -phosphitylated deoxyguanosine reverts to deoxyguanosine on contact with water or acetate ions (Mag and Engels, 1988) . Thus, during the synthesis cycle, if capping is performed (using acetic anhydride) after coupling, any O 6 -modified deoxyguanosine can potentially revert back to deoxyguanosine. (3) Base modifications generated during oligonucleotide chain assembly depend on the reagents employed and the contact time. Solid-phase oligonucleotide synthesis uses automated pulsed delivery of reagents, resulting in shorter reaction times compared with solution-phase synthesis. Consequently, side Kamimura et al., 1983b Sekine, 1989 , Kamimura et al., 1983a Kamaike et al., 1988 Sekine, 1989 Welch et al., 1985 Protecting group Nucleobase (protection site) Deprotection conditions References 
Thus, in principle, appropriate adjustment of synthesis protocols may obviate the necessity for imide and lactam protection. Nevertheless, β-cyanoethyl protection is generally recommended for protection of guanosine at O6 or uridine at O4, and anisoyl for uridine at N3.
PROTECTION OF EXOCYCLIC AMINO GROUPS
On the basis of a number of criteria for protecting groups, as outlined previously, Nacyl-type protection for the exocyclic amino groups has emerged as a logical choice. Figure  2 .1.7 shows selected examples of N-acyl protecting groups and the reagents used to effect their deprotection.
The N-acyl groups are introduced into nucleosides by a number of procedures. (1) They can be installed by peracylation of the nucleoside followed by chemoselective O-deacylation (Schaller et al., 1963) . (2) The recent trend has been to use the "transient" protection approach (Ti et al., 1982) . In this procedure, the nucleoside is persilylated using a silylating agent, and the acyl function is installed on the amino group using the corresponding acid chloride or acid anhydride. (3) Some acyl functions such as benzoyl, α-phenylcinnamoyl, and naphthaloyl are directly incorporated on the nucleobase using the corresponding anhydride (Watanabe and Fox, 1966; Bhat et al., 1989) . (4) The exocyclic amino group of cytidine and deoxycytidine can be directly acylated using activated esters (Igolen and Morin, 1980) , acid chlorides (Mishra and Misra, 1986 , and references therein), or alkyloxycarbonylbenzotriazoles (Himmelsbach et al., 1984) . (5) 
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and removal of N-acyl protecting groups can also be achieved by enzymatic methods (Prasad and Wengel, 1996) .
Overall, most N-acyl protecting groups are stable in neutral or acidic medium and moderately stable at high pH (pH >13). However, many N-acyl protecting groups are readily removed by ammonolysis. This observation forms the basis for the widespread use of 28% NH 4 OH as a deprotection reagent when N-acylprotected nucleosides are employed in oligonucleotide synthesis.
A salient feature of N-acyl protecting groups is that their stability in alkaline pH can be modulated by the steric and electronic characteristics of specific acyl groups. A study comparing the stability of various N-acyl nucleosides in alkaline medium (0.2 N NaOH/MeOH) has been reported (Köster et al., 1981) . Importantly, the stability of the acyl function towards alkaline hydrolysis is determined by the nature of the heterocyclic base. For example, the rate of deacylation of N-acyl derivatives of deoxycytidine is faster than that of deoxyadenosine or deoxyguanosine. The hydrolytic lability is also determined by inductive, resonance, and steric effects. For example, in a series of N-acyl nucleosides, N-benzoyl nucleosides are hydrolyzed sixteen times faster than N- (2,4-dimethyl) benzoyl nucleosides, presumably because of steric effects. Similarly, N-(2,4-dimethoxy)benzoyl nucleoside is hydrolyzed eight times faster than N-(4-dimethylamino)benzoyl nucleoside, perhaps due to a combination of inductive and resonance effects.
The choice of a particular N-acyl protecting group also depends on the type of coupling chemistry that is employed. For example, when phosphodiester and phosphotriester chemistries are used in oligonucleotide synthesis, it is necessary to select sturdy N-acyl protecting groups that can withstand the harsh reagents and conditions employed during synthesis. This requirement is met by the benzoyl group for adenine and cytosine, and the isobutyryl group for guanine. However, removal of these protecting groups requires prolonged heating 
Protection of Nucleosides for Oligonucleotide Synthesis
(12 to 14 hr) with 28% NH 4 OH at 55°C. In spite of this limitation, these protecting groups have remained popular even with the advent of automated solid-phase oligonucleotide synthesis using phosphoramidite and H-phosphonate chemistries.
PROTECTION OF PURINE NUCLEOBASES: THE PROBLEM OF DEPURINATION
The development of suitable protecting groups for purine nucleobases has been an area of considerable interest because purine nucleosides rapidly depurinate under acidic conditions. The problem is compounded by the acidlabile DMTr group used for protection of the 5′-OH in solid-phase oligonucleotide synthesis. Prior to each coupling step in the synthesis cycle, the DMTr group is removed by exposure to a strong acid such as 2% dichloroacetic acid in dichloromethane. Consequently, the growing oligonucleotide chain is repeatedly exposed to strongly acidic conditions, potentially resulting in depurination and reduced yield of the desired "full-length" product.
The kinetics and mechanisms of nucleoside depurination have been investigated by several research groups (Romero et al., 1978; Oivanen et al., 1987; Suzuki et al., 1994) . The presumed mechanism for depurination of deoxyadenosine (Fig. 2.1.8 ) involves initial protonation of the nucleoside to produce the N 1 -protonated form S.11, and then equilibration (prototropic shift) to the N 7 -protonated species S.12 or S.13, followed by cleavage of the glycosidic bond to give S.15 via the oxonium S.14 (Zoltewicz et al., 1970; Zoltewicz and Clark, 1972) . It is also conceivable that, at lower pH, depurination can occur via protonation of the purine nucleobase at both N1 and N7. Presence of the 2′-OH has a significant effect on the nucleoside's susceptibility to depurination. For example, guanosine and adenosine are more resistant to depurination compared with deoxyadenosine and deoxyguanosine. Deoxyadenosine itself depurinates 1200 times faster than adenosine (York, 1981) .
Interestingly, N-acyl-protected purine nucleosides (particularly deoxyadenosine) are more prone to depurination than unprotected nucleosides. Among N-acyl-protected deoxyadenosines, protection at N6 with α-phenylcinnamoyl, naphthaloyl, 3-methoxy-4-phenoxybenzoyl, 9-fluorenylmethoxycarbonyl (FMOC), and tert-butylphenoxyacetyl (t-PAC) groups (Fig. 2.1.7) provides greater resistance to depurination than with N 6 -benzoyl (reviewed in Beaucage and Iyer, 1992) . It is believed that in the case of acyl-protected purine nucleosides under acidic conditions, the initial site of protonation is N7, rendering the protonated species more prone to glycosidic cleavage. Naturally, caution should be exercised in the synthesis of oligonucleotides whose sequence contains deoxyadenosines at the 3′ terminus. Bis-acylation has also been studied as a strategy to reduce depurination. Imide protecting groups S.16 and S.17, as well as the diamide protecting group S.18, have been investigated (Fig. 2.1.9 ; Kume et al., 1982 Kume et al., , 1984 . However, these groups were labile to aqueous pyridine, a solvent used during the oxidation step in solidphase oligonucleotide synthesis. Thus, alternate oxidants have to be employed for the oxidation step.
Since N-acyl-protected purine nucleosides are sensitive to deacylation, alternate protecting groups have been investigated. Prominent among these are the amidine protecting groups, which are introduced using an exchange reaction with appropriate amidine acetals. Interestingly, N-amidine-protected nucleosides ( -protecting groups for 2′-deoxyadenosine derivatives that reduce depurination. Reprinted from Iyer and Beaucage (1999) with permission from Elsevier Science Publishing. R, DMTr.
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Protection of Nucleosides for Oligonucleotide Synthesis (Smrt and Sorm, 1967; Holy and Zemlicka, 1969, and references therein; Froehler and Matteucci, 1983; Caruthers et al., 1985; Vu et al., 1990; Sproat et al., 1991) . It is presumed that the protonation sites of amidine-protected nucleosides are N1 and N6 instead of N1 and N7, respectively, resulting in a slower rate of depurination. Indeed, amidineprotected nucleoside phosphoramidites are frequently employed in solid-phase oligonucleotide synthesis. However, changes are required in the oxidation step to avoid nucleobase modifications (Mullah et al., 1995) .
Nucleosides protected with O-nitrophenylsulfonyl and tris(benzoyloxy)trityl (S.19) groups also appear to be more resistant to depurination (Shimidzu and Letsinger, 1968; Honda et al., 1984, and references therein) . However, the derived nucleoside phosphoramidites couple less efficiently than the N-acyl-protected nucleoside phosphoramidites (Sekine et al., 1985) .
Depurination is also influenced by other factors such as the nature of the solid support (controlled-pore glass versus polystyrene; see UNIT 3.1), the composition of the deblocking solution and deblocking time, and the washing solvent and washing time that are employed in solid-phase synthesis of oligonucleotides (Paul and Royappa, 1996) . Depurination is faster at terminal sites than at internal sites in an oligonucleotide chain (Suzuki et al., 1994) . Interestingly, a solution of 15% dichloroacetic acid (DCA) in methylene chloride was ideal as a detritylating reagent that induced minimal depurination compared to the traditionally used 2% DCA/methylene chloride.
It is pertinent that with modern DNA synthesizers the pulsed delivery of reagents to the synthesis columns, in conjunction with optimized synthesis programs, results in short contact times and has greatly minimized the depurination problem. Thus, N-acyl-protected nucleoside (benzoyl for dA and dC, and isobutyryl for dG) phosphoramidites and H-phosphonates can be used for the efficient synthesis of oligonucleotides.
RECENT TRENDS IN NUCLEOBASE PROTECTION
Over the past few years, new applications of oligonucleotides in diagnostics and therapeutics have emerged, necessitating the expeditious synthesis of large numbers of oligonucleotides. In order to speed the synthesis process, more "labile" N-acyl protecting groups for nucleosides have been sought. As the simplest member of the family of N-acyl protecting groups, the N 4 -acetyl of cytosine has been used for "ultrafast" DNA synthesis using the phosphoramidite approach. Rapid deprotection rates were achieved using methylamine/ammonia (Reddy et al., 1994) . This group is unsuitable for use in phosphodiester and phosphotriester chemistries, however.
The synthesis of oligonucleotide analogs carrying sensitive backbones requires protecting groups that (1) withstand the synthetic rigors of chain assembly, and (2) can be removed chemoselectively under mild conditions. Nucleobases protected by phenoxyacetyl Chaix et al., 1989; Sproat et al., 1991) , and their derivatives such as t-PAC, show accelerated deacylation (Köster et al., 1981; Sinha et al., 1993) under mildly basic conditions. It is presumed that the inductive effect of the phenoxy group renders the amide carbonyl group more susceptible to nucleophilic attack, facilitating rapid base-catalyzed hydrolysis. Thus, PAC-and t-PAC-phosphoramidites have been employed for rapid synthesis of oligonucleotides and certain analogs. As a rule, following oligonucleotide assembly on solid support, the PAC and t-PAC groups are removed under milder conditions (28% NH 4 OH, room temperature; Sinha et al., 1993) or, according to a recent report, using gaseous amines under pressure (Boal et al., 1996) . However, the use of t-PAC-protected nucleoside phosphoramidites results in trans acylation of the t-PAC protecting groups during the capping step when acetic anhydride is employed as a capping reagent. Thus, tert-butylphenoxyacetic anhydride should be used for the capping step in solid-phase oligonucleotide synthesis (Sinha et al., 1993) .
The concept of neighboring-group participation has also been used to design acyl protecting groups and to accelerate the deprotection step (Dreef-Tromp et al., 1990; Kuijpers et al., 1990) . For example, removal of the 2-(acetoxymethyl)benzoyl group from nucleosides under basic conditions is accelerated by intramolecular participation of the deacylated hydroxymethyl group.
New protecting groups have also been introduced that can be chemoselectively removed under neutral or mildly basic conditions. Indeed, the allyloxycarbonyl protecting group (Hayakawa et al., 1986 (Hayakawa et al., , 1990 ) is chemoselectively removed using Pd(0), whereas the (p-nitrophenyl)ethoxycarbonyl group (Trichtinger et al., 1983; Pfleiderer et al., 1985; Pfister et al., 1988) and the 2-dansylethoxy cabonyl group (Wagner and Pfleiderer, 1997) are selectively removed using DBU. Consequently, supportbound oligonucleotides can be prepared using building blocks that carry these protecting groups. Recently, the N-pent-4-enoyl (PNT) group has been introduced as a new acyl protecting group for situations where multiple deprotection protocols are used (Iyer et al., 1997 ; see also references therein). PNT-protected nucleoside phosphoramidites can potentially be used for the rapid synthesis of oligonucleotides and oligonucleotide analogs, as well as for the preparation of support-bound oligonucleotides.
Several groups have been reported for nucleobase protection and may be particularly valuable in the synthesis of oligonucleotides intended for specific applications. Figure 2. 1.7 shows a partial list of protecting groups. A complete list of such groups is covered in other reviews (Sonveaux, 1986; Beaucage and Iyer, 1992; Iyer and Beaucage, 1999) . Nonetheless, it should be noted that many of these still need to be evaluated in routine synthesis.
Because of various issues associated with nucleobase protection, oligonucleotide synthesis has been evaluated using building blocks bearing unprotected nucleobases. However, these efforts have met with only limited success (Narang et al., 1972; Fourrey and Varenne, 1985; Gryaznov and Letsinger, 1991; Uchiyama et al., 1993 , and references therein). Clearly, more work is necessary in this area.
CONCLUSION
Evidently, a nucleobase protecting group should meet several criteria before it can be adapted for routine oligonucleotide synthesis. It is imperative, therefore, that the potential for side reactions be closely examined when designing new reagents, evaluating new protecting groups, and implementing modifications of established protocols during oligonucleotide synthesis, as well as during the manufacture of oligonucleotides and their analogs.
The development of nucleobase protecting groups and deprotection protocols has been crucial for the successful synthesis of oligonucleotides, functionalized oligonucleotides, oligonucleotide analogs, ribonucleotides, and phosphorylated biomolecules (reviewed in Iyer, 1992, 1993a,b,c) . As in the past, oligonucleotides are expected to play a dominant role in fostering advances in functional genomics, proteomics, diagnostics, and therapeutics. Consequently, continued demand exists for simultaneous synthesis of large numbers of oligonucleotides in miniature formats, and for the synthesis and manufacture of novel analogs. It is hoped that the present commentary will serve as a framework for developing new protecting group strategies for oligonucleotide synthesis that could meet these challenges.
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